The neurofibrillary tangle (NFT) is one of the major neuronal structural changes that characterize Alzheimer disease, but it also occurs during normal aging of the brain. By electron microscopy, the NFT is composed almost entirely of paired helical filaments (PHF) (20) (21) (22) nm, maximal diameter), intermixed with some straight filaments (1) (2) (3) (4) . These straight filaments range in diameter from 10 nm (the dimension of normal neurofilaments) to 15 nm (5) (6) (7) (8) (9) (10) (11) . The PHF differ from normal neurofilaments in their marked insolubility (12) , the apparent absence of certain neurofilament antigenic determinants in their structure (13, 14) , the presence of some unique determinants (15) , and the slightly larger diameter of each member filament than normal neurofilaments (4) (5) (6) (7) (9) (10) (11) . The protein composition of the PHF remains unknown because their insolubility prevents the application of most analytical techniques. While the chemical composition of PHF has not been ascertained, it appears that some normal fibrous proteins or protein fragments are found within the NFT. Neurofilaments are likely to be among such proteins (13, [16] [17] [18] [19] [20] . We report here the raising of monoclonal antibodies (mAb) to microtubule-associated protein 2 (MAP-2) and the finding that certain MAP-2 epitopes are associated with Alzheimer NFT, both in situ and after isolation of the tangles under nondenaturing conditions. MAP-2, a Mr -300,000 protein, copurifies with tubulin and several other proteins when microtubule-enriched fractions are prepared by temperature-dependent phases of assembly and disassembly (21) . Under certain buffer conditions, MAP-2 stimulates the assembly of pure tubulin (22) (23) (24) . Using various ultrastructural techniques, MAP-2 molecules appear as projections extending outward from the microtubule wall (22, (24) (25) (26) . Unlike some of the other MAPs, MAP-2 is highly concentrated in neuronal dendrites and soma, while axons and non-neuronal elements appear free of the antigen when brain tissue sections are examined immunohistochemically (27, 28) . Because of the putative role of MAP-2 in providing a site of interaction between microtubules and neurofilaments (29) (30) (31) (32) (33) (34) (35) (36) (37) , and because Alzheimertype neuronal degeneration involves a reorganization of the cytoskeleton, we hypothesized that MAP-2 might play a role in this complex reorganization. METHODS Rat brain microtubules were purified through two cycles of polymerization/depolymerization according to the method of Shelanski et al. (38) and were used as an immunogen in mice. An electrophoretogram of this material is shown in Fig. 1 . One milligram of the preparation was emulsified in complete Freund's adjuvant. Half of this material was injected intraperitoneally and half was injected at several subcutaneous sites in a 5-wk-old female BALB/c mouse. Two additional injections with 500 ,ug of the preparation emulsified in incomplete Freund's adjuvant were given in a similar fashion at 4 and 6 wk after the initial immunization. Eight weeks after the initial immunization, the mouse was sacrificed and its spleen was excised. Spleen cells (2 x 108) were fused to 1.7 x 107 logarithmic phase NS1 mouse myeloma cells in 50%6 (wt/vol) polyethylene glycol 1540 using the method of Kennett (39) . Three weeks after fusion, samples of the cell supernatants were screened for the production of specific antibody by an ELISA (40) in which a 0.2-to 2.0-pg sample of the antigen was bound to Microtest III Flexible Assay Plates (Falcon). Clones that reacted positively by ELISA were analyzed by the immunoblot procedure of Towbin et al. (41) using the microtubule preparation as the substrate. Tubulin and MAPs prepared either by the method of Shelanski et al. (38) or by the taxol method of Vallee (42) were electrophoresed (43) (ii) Isolated NFT prepared under non-dena tions in a physiologic buffer (15, 17) were imi Five to 10 g from NFT-rich areas of frozen A ease cerebral cortex were homogenized in 10 v line buffer (50 mM Tris HCl, pH 7.6/145 m1b homogenate was sieved through a 200-,m nyl centrifuged at 100,000 x g for 30 min at 4°C. T rehomogenized in Tris saline buffer and was k of 1 M sucrose in Tris saline and spun at 100,0 min. The resultant pellet was resuspended in: saline buffer, and 2-,l aliquots of these NFT-c tions were placed on albumin-coated slides, a immunostained.
(iii) Isolated NFT prepared under denaturiu in NaDodSO4 and 2-mercaptoethanol (15, 17)' munostained. For this purpose, NFT-rich froz cerebral cortex was minced and incubated in NaDodSO4 buffer (50 mM Tris HCl, pH 7.6 NaDodSO4/0.1 M 2-mercaptoethanol) for 2 hr perature. This suspension was homogenized, heated to 1000C for 5 min, sieved, and the filtrate was spun at 100,000
x g for 30 min at 250C. The resultant pellet was suspended in 1% NaDodSO4 buffer and homogenized. One-milliliter ali- massie-stained gels, we observed a protein doublet of Mr =300,000 considered to represent MAP-2 ( Fig. 1) . A third weaker MAP-2 immunoreactive band was present just below the doublet (Fig. 1) . The MAP-1 protein bands of Mr -350,000 are also indicated in Fig. 1 . Even with silver staining, no further detail could be detected in this region. Onedimensional peptide maps (48) of each component of the MAP-2 doublet using Staphylococcus aureus V8 protease were identical (data not shown). All three proteins in the region of MAP-2 were immunostained by each of the three mAbs, whereas the MAP-1 bands did not react (Fig. 1) . Each of the MAP-1 bands and each of the three MAP-2 bands was individually cut from the gel and re-electrophoresed. Again, neither of the MAP-1 bands stained with the mAb, and all three of the MAP-2 bands were immunoreactive (data not shown). Whether these three forms of MAP-2 with slightly different electrophoretic mobilities represent native heterogeneity of the molecule or are proteolytic products related to isolation is unknown. MAP-2 is known to be highly sensitive to proteolysis, and this property was used to generate multiple proteolytic fragments in an attetnpt to distinguish the three mAbs by different immunoreactive patterns. A twice-cycled microtubule preparation wag repeatedly frozen ahd thawed to generate a ladder of proteolytic fragments beneath MAP-2 on NaDod-S04/acrylamide gels. These gels were then immunoblotted with each of the three mAbs (Fig. 3) . Most ot the protpeolytic fragments were stained by all three antibodies, and the patterns produced b' 4F7 and 4D5 were identical. 5F9, However, failed to stain certain high Mr fragnents, suggesting that this antibody recognizes a different epitope than do 4F7 And 4D5. The pattern of MAP-2 immunoreactive proteolytic products was highly reproducible.
The mAbs were also compared with regard to their ability to distinguish functional states of MAP-2 dependent on phosphorylation (45) . Treatment of electroblots with alkaline phosphatase markedly reduced the intensity of MAP-2 immunostaining with 4t7, but not with SF9 (Fig. 4) Because MAP-2 is preferentially distributed in dendrites (27), we analyzed rat brain immunohistochemically to determine whether our antibodies produce a dendritic staining pattern. Fig. 5 shows a paraffin section of perfused rat cerebral cortex, demonstrating deposition of antibody (5F9) in the apical shafts of pyramidal cell dendrites and within the perikaryon. The antigen could not be detected in glial cells. White matter tracts (i.e., axons) in the centrum semiovale, cerebellum, and spinal cord do not stain; however, dendritic arbors do extend into the white matter. Dendritic staining is also apparent in rabbit, mouse (49) , and human brain tissue; however, human tissue shows a reduced staining intensity, probably because of postmortem and fixation factors. The antigen is definitely present in human tissue because immunoreactivity in the MAP-2 region can readily be demonstrated on gel blots of human brain tissue (data not shown).
The immunostaining properties of NFT were studied with Medical Sciences: Kosik et aLP the MAP-2 mAb in three brains from patients with Alzheimer disease and one brain from a patient with Down syndrome and Alzheimer disease (50) (51) (52) . Formalin-fixed hippocampal sections containing numerous NFT were immunoreacted with SF9 and 4F7. Only 5F9 immunostained the NFT (Fig. 6 ). NFT were isolated from cerebral cortex under nondenaturing conditions (Tris saline; see Methods) and again only 5F9 produced immunoreactivity (Fig. 7) . The mAbs 4F7 and 4D5 did not label NFT either in situ or after isolation. When NFT were isolated under denaturing conditions-i.e., by heating in NaDodSO4 and 2-mercaptoethanol-all immunoreactivity of the tangles with the SF9 antibody was lost. In Alzheimer brain tissue sections, SF9 produced particularly intense staining of so-called "ghost" tangles (Fig. 8) . This term is used to refer to NFT that by light microscopy are no longer associated with a nucleus and appear to have lost their surrounding neuronal structure (17) . The individual fibrils of the "ghost" tangle, rather than appearing densely compacted as they do intraneuronally, display a more open, loose appearance. They are typically found in areas of brain of Alzheimer disease patients that tend to be intensely affected, such as CA1 of the hippocampus and the parahippocampal cortex. Neither the amyloid cores nor the abnormal neurites comprising senile plaques were stained by SF9. DISCUSSION The biochemical composition of the fibrous elements comprising NFT is currently unknown. Immunocytochemical evidence to date indicates that NFT are complex in their protein composition and include some antigens that cross-react with normal cytoskeletal proteins. Immunolabeling with mAb has served to identify certain determinants that NFT share with cytoskeletal proteins. Antigens from the neurofilamentous system have been found in NFT (13, 16) , and we now report that at least one antigen from the microtubular system is also present in NFT on the basis of immunocytochemical criteria. Anderton et al. (13) (53, 54 -AN-K, , . 0 & : , physiologic conditions in Tris saline. After boiling in NaDodSO4, the PHF in the tangles are retained (12) , while many of the contaminants in the Tris saline NFT preparations, including virtually all normal neurofilaments and microtubules, are removed. Proteins non-covalently associated with the NFT would be expected to be solubiized and removed by NaDodSO4 treatment. After NaDodSO4 extraction, all of our mAb against MAP-2 failed to immunolabel NFT. The failure of 5F9 to stain the NaDodSO4-extracted NFT may be either because the MAP-2 antigenic determinants were completely removed (and are therefore non-covalently bound) or because they were altered by heating in NaDodSO4.
Evidence has begun to accumulate that MAP-2 may serve to cross-link microtubules with other cytoplasmic structures, including actin filaments (56) (57) (58) (59) , secretory granules (60), coated vesicles (61), and neurofilaments (36) . In mature brain tissue, MAP-2 is immunocytochemically localized in the dendritic and perikaryal portions of neurons (27, 28) . We have also shown that immunoblots of rabbit sciatic nerve and mouse optic nerve do not contain 5F9 immunoreactive bands despite the presence of the antigen in these species (unpublished data). Neurofilaments are also localized to neurons and tend to be enriched in axons rather than dendrites (8) . The presence by immunocytochemical criteria of these two regionally polarized elements within the NFT suggests that the pathogenesis of the tangle involves, in part, a disruption of intraperikaryal traffic and changes in the normal asymmetrical sorting of cytoskeletal elements.
MAP-2 appears to become associated with 10-nm filaments under certain other cytopathological conditions-for example, disruption of the microtubular system by vinblastine (37) . Aluminum-induced neurofilamentous bundles, however, do not contain MAP-2 immunoreactivity (unpublished data). Only the complete purification of PHF and subsequent elucidation of their primary amino acid sequence will allow a detailed analysis of the relationship of these fibers to normal cytoskeletal elements such as neurofilaments and MAP-2.
